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SUMMA.RT 



A resume of the equations and formulas for the forces 
and moments on an aircraft-engine mount is presented. In 
addition, available experimental data have been included 
to permit tne computation of these forces and moments. A 
sample calculation is made and compared wiTh present design 
conditions for engine mounts. 



INTRODUCTION 



In the ordinary design procedure for aircraft-engine 
mounts , certain dynamic forces ani moments have been neg- 
lected owing to the lack of information regarding the ve- 
locities and accelerations imposed in flight. _ The purpose" 
of the present paper i s ; to present a summary of the equa- 
tions and formulas for these forces and moments and to in- 
clude available information to enable them to be computed. 

The problem of finding the forces and moments on an 
engine mount may be divided into three par't s : first, the 
determination of the qualitative expression for the forces 
and moments; second, the obtaining of data so that a quan- ~ 
titative solution may be made; and third, the determination 
of the conditions of critical forces and moments. 



The development of the qualitative expressions in- 
volves a consideration of the types of forces and moments 
involved and these, of course, depend on the motions of 
the airplane, or the flight conditions, as well as on the 
operating conditions of the engine-propeller units. The 
forces and moments on the engine mount may generally be 
classified as direct (thrust and torque) and induced (in- 
ertia) . Although all the induced forces are of the same 
fundamental character, they arise from such a variety of 
causes that it is convenient further to classify them ac- 
cording to source. The following classification and terms 
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have therefore been adopted for the present paper to fa- 
cilitate the analysis and discussion: 



Direct forces and moments : 

A. Thrust 

B. Torque 

C. Air forces on engine 

or cowling 

induced forces and moments : 

A. Those depending primarily 
on airplane motion 

1 . Due to 1 inear 

accelerations 

2. Due to angular 

accelerations 

3. Due to angular' 

velocities 

3. Those depending primarily 
on engine and propeller 
(vibration) 

C. Those depending on engine- 
propeller motion acting 
with airplane angular 
velocities 

1. .Due to rotation 'of 

parts (gyroscopic) 

2. Due to translation 

of parts 



Name 
Thrus t 
Torque 

Lift and drag 



a fxm e 
a force 

centrifugal force 
Not considered 



g force 



g f force 



QUALITATIVE RELATIONSHIPS 



Most of the qualitative relationships or formulas for 
the several forces and moments involved are well known and 
need np_t be discussed in detail. The following remarks, 
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however, are offered in order to -clarify the final formu- 
las, which give the forces and moments along and about the 
three principal axes of the engine-propeller combination. 

Thrust and torque .- Thrust- and -torque should, of 
course, be considered in the engine-mount analysis. Their 
values depend on the engine and propeller characteristics, 
as well as on the flight conditions, and may be found by- 
standard methods. The thrust is assumed to be along the X 
axi s . 

Lift and drag .- In radial- engine installations the 
lift and "antidrag" or the X component of air force on the 
cowling may be of sufficient magnitude to include in the 
engine-mount analysis. lor the .present these forces may 
be estimated from the data of- reference .1 or 2 or from 
wind-tunnel tests. ■ 

The a forces . - The a forces arise from the accel- 
eration of the airplane as a whole caused by the resultant 
ai r force , 




They may be resolved into components along the principal 
engine axes . .... 

The a forces and moments .- The oc forces and mo- 
ments arise -from the angular acceleration of the airplane 
about its center of gravity. The a force is given by 



where I is the distance from the center of gravity of 
the airplane to the center of gravity of the engine-pro- 
peller combination and the moment by 



Centrifugal force .- The centrifugal force arises from 
the angular velocity, uu, of the airplane about its center 
of gravity and is given by 



a 



— la 

g 



M 



'a 



= I a 



T 



2 
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Vibrations .- Vibratory forces arising from -unbalanced 
engine parts, etc., are not included in the formulas given 
herein. The question of vibration is considered to be out- 
side the scope of this paper, inasmuch as it is not normal- 
ly dealt with in terms of forces that- .oan ; .b.e . iji eluded in 
the usual.' static-stress calculations. Certain periodic mo- 
ments.^due to the gyroscopic action of the propelTaf are, 
however, included with the general c ons idorati on of the gy- 
roscopic phenomenon. 

The g forces and moments .- Gyroscopic cOupLes arise 
from the rotation of the propeller and certain part's of the 
engine:, both of which act in conjunction with an angular 
velocity of- the airplane. The eauations for these couples 
may be derived f rom' mechahi cal pr inc iples ae given in any 
good textbook on' mechanics. (See reference 3.) Propellers 
having" three or more blades give rise to noho s ci llatory 
couples for all practical cases, as civen by the general 
expression ... • I ■ 

= I cUp cu 

in which the subscript p differentiates the angular ve- 
locity of the propeller from that of— the airplane. 

In the case of 2-blade propellers the couples are 
oscillatory and, unlike 3-blade propellers, must always 
be considered with respect to two axe's even when the an- 
gular velocity of the airplane occurs about only one axis. 
If if is. the angle of the propeller blade from the XZ 
plane, the instantaneous moments are 



M = -2 I u>r, uj sin 2 \\i 



Mg' = 2 I u)p u) sin \|/ cos \J/ 

in which is the precessional moment of which the fre- 

quency is equal to twice the propeller speed, and Mg 1 is 
the moment about the axis of rotation of the airplane of 
which the frequency is also twice the propeller speed. 
The average value of ii g 1 is zero* the average value' of 
M g is the same as the value of for a 3-blade pro- 

peller of the same polar moment 'of inertia. 
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The g t forces and moments.- The. forces and 

moments arise from the reciprocating motion Of certain 
engine parts acting in conjunction with angular velocity 
of the airplane. They are oscillatory in character and 
small in magnitude. In the case of V-type and radial en- 
gines, analytical expressions for the' g fc forces and mo- 
ments generally cannot be determined and the solutions, 
if made, must be made graphically. In some special cases- 
expressions can be given as follows: 

(l) Four-cylinder in-line eneine with cranks 180° 
apart : 

a 2 

M, = -2mcJuRV_ (l - 5- - ^ £12 ^ (sin 2 6) 

*t c v L L 2 • 2 • / 



» 



St 



= 2mV~cju sin 2 b 



(2) Six-cylinder in-line engine with cranks 120° 
apart : 



M et 



| VjjjumR [ (sin b - cos 8 ) (1+2 sin 2 6 ) ] 



F et = 0 

In these equations the symbols used are defined as follows 
E, • length of crank throw. 
L, length of connecting rod. 
V c , crank speed in feet per second. 
6, crank angle from top dead center, 
m, reciprocating mass per cylinder. 

For an engine of conventional design of approximately 
150 horsepower the maximum value of the g^. moment would 

be of the order of 20 and 30 foot-pounds for the 4- and 6- 
cylinder engines, respectively. Likewise in these two 
cases the unbalanced forces would be of the order .of 4 and 
0 pounds, respectively. ■■- 
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In vie" of the small magnitude and complex periodic 
nature of the e^. forces and" momen t s ', they may properly 
be neglected in s ta t i c- a tres s calculations of the engine 
mount . 

Total for ces and momenta .- Summation of the important 
forces, and moments elves the total values 'alone and about 
the three principal axes originating at the center of 
gravity of the enaine; By the use of the symbola defined 
in table I, and following the N.A.3.A. convent-ion of 3igns 
these forces and moments are: 

"V JC-, W 
X == -n x ff e + -2-_- (r 2 + q 2 ) + (- X z a + cp y a ) + T 

Y == -n Y .T e + (p 2 + r a ) + — (az 2 - cp x a ) 

s g 

Z == -n z ff e + ^Sh. ( p 2 + q 2 ) + ll (_ a y a + X x a ) 
g • g 

A e 

jl = -Iy A - Ip uir 

N == _i z qp + I p uu q 

In addition to the foregoing expressions f-or the urin 
cipa.l__f orces and moments on the engine, the gyro s copi c for 
mulas may now be somewhat extended for the case of the 2- 
blade propeller to include rotation of the airplane about 
both the pitching and yawing axes. These formulas are: 

M = -31 u> (q sin \J/ cos \J/ -K r sin 3 

N g = 21 uu (r sin v(/ cos + q cos 3 40 



j ...... 



QUANTITATIVE SOLUTION 



Criti ca l flight conditions. - The practi cal ■ quantita- 
tive solution of the engine-mount forces involves, first. 
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a selection of the critical., or most severe, conditions. 
It is apparent that, since the normal component of the 
resultant' acceleration of "the airplane erives rise to the 
most important single force on the engine mount, the se- 
lection of the critical conditions reouires primarily an 
■appraisal of the -magnitudes of the secondary forces in 
cases where the normal acceleration is- a maximum or near- 
ly so. These cases are: 

(.1) For acrobatic types: 

■ a.. Abrupt pull-up, power off. 

■b . Abrupt pull-up, power on. 

: c. Pull-out from fast dive, power off. 

d. Pull-out from fast dive, power on. 

e. Inverted maneuvers. 
(2) ' Nonacrobati c types: 

a. Low-speed gust condition. 

b. Hieh-speed gust condition. 

In addition' to these 'cases ( 1 there may be some others 
in which the normal acceleration may be comparatively low 
and the otherwise secondary forces may, become of paramount 
importance. The most important condition of this charac- 
ter is the inadvertent spin of multiengine airplanes, in 
which the centrifugal and gyroscopic forces might be large. 

Of the foregoing cases tie power-off pull-up is less 
severe than the power-on pull-up and may therefore be elim- 
inated.. The- power-on pull-up, while commonly considered 
to be a maneuver only in the vertical plane, often involves 
in practice an- inadvertent angular velocity in roll at pea k 
acceleration that may be equal in. magnitude to the angular 
velocity in pitch or to that experienced in a deliberate 
snap roll. It is therefore more severe than the snap roll, 
since the normal accelerations .are greater, and the snap 
roll need not be considered. 

The dive pull-outs, although they do not necessarily 
involve greater normal accelerations than the abrupt pull- 
ups, have different conditions of engine speed and should 
therefore be examined. 
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Inverted maneuvers are essentially of the same charac- 
ter as normal maneuvers and may be treated as such, bearing 
in mind the reverse directions of some of the pertinent 
quant :L ties . 

![n the gus t • condi t i ons f~or the nonacrobatic trypes.'the 
minimum flying weight is of principal concern . 

Quantitative data. - In order to obtain a quantitative 
solution for the general equations in any given case, cer- 
tain data concerning moments of inertia and velocities and 
accelerations in the critical conditions must be available. 
In the following data and equations, all angular velocities 
and accelerations apply only to maneuvers, hot to the gust 
conditions for which angular quantities are not known but 
may bei important. In such cases, therefore, the designer 
will have to make conservative assumptions. 

Cl) Linear velocity; 

The only linear velocity used is the velocity along 
the X axis that corresponds to - the flight condition for 
which t.he analysis is made. 

(2) Linear accelerations: 

The rorce factor, or acceleration in g units, along 
the X axis may be calculated from the f o'rmula 

n x =- T ~ D -S° g a + L 8ln b -f 'cos (7 + a) 

w a 

where 7 is the flight-path angle measured from the verti- 
cal, below, and positive for a dive pull-out. 

The acceleration along the Y axis may be calculated 
in the same manner but, since the data and conditions are 
vague, it is better to assume a value for ' n^ . The maxi^ 
mum recorded value was approximately 2g on an F6C-3" air- 
plane (reference 4) . 

The force or load factor alon<r the Z axis is calcu- 
lated in the usual manner f-roxa the air speed, lift coeffi- 
cient, and other pertinent data. 
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(3) Angular velocity: 

The total angular velocity q in pitch consists of 
the angular velocity of the airplane about its instanta- 
neous flight-path center plus the rate of change o'f angle 
of attack. Conservatively, neglecting the effect of grav- 
ity 

q V dt 

It is apperejnt that in maneuvers involving* low rates of 
change, of angle of attack at peak normal-load" factor, such 
as pull-out s from fast dives, the s econd t erm i n the ex- 
pression is small and may even be negative; on the other 
hand, in abrupt pull-ups at relatively Iot speeds, the 
second term becomes of appreciable importance. In any 
eiven case, however, the relative values of the first and 
second terms will depend on the manner in which the ma- 
neuver is performed., which.,- of course, ie affected' to some 
degree by the maneuverability -of the airplane . Thus, in 
figure 1, a considerable scattering of points is noted at 
the transition from, low to high values of n„/v , with a 
limited scattering in the mild fast pull-outs and in the 
abrupt, lower speed pull-ups , where; respectively, the 
first and second terms- of the expression for q "predom- 
inate. For design purposes the upper envelope of the 
points is .recommended. 



Experimental data on the angular velocities in roll 
and yaw are scarce; in 'view of -this fact and considering 
the relatively complex nature of the qualitative relation- 
ships for p and r, the following values based on avail 
able experimental data are suggested. for design purposes: 



Maneuver 




r 


Abrupt pull-up 


q max 


^max 


Snap roll 


'max 


^max 


Spin 


''max 


2q 
^■max 


Dive pull-out 


0 


• 0 
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(4) Angular accelerations: . .. . 

The angular acceleration in pitch -can b e ■• ca 1 cula t ed 
fairly accurately for the start of a maneuver such as a 
pull-up but at the point of . int~e~p~5"s~t , namely, at -the peak 
acceleration, the calculation is extremely inaccurate ow- 
ing to the introduction of damping. The only theoretical- 
ly correct way of determining the desired acceleration is 
to solve the comple irer e quat ions of motion. 

Since such a procedure would' be not only laborious 
but also inaccurate, as previously indicated, the follow- 
ing; method. is suggested for. design purposes: 

X m 8 1525. i* 

Iy 15 

a - 

This formula represents the maximum value of X obtained 
on the P'V-9 airplane in an abrupt pull-up from level 
flight and assumes for any other airplane that the angular 
accel erati on in pitch is inversely proportional to the mo- 
ment of Inertia and varies directly, with, the tail length, 
attempts to elaborate on the foregoing formula have been 
unsuccessful to date, owing to the. scarcity of data that ~ 
couli be consiiered comparable with those obtained on the 
P.T-9 airplane. • Tt i s f el t ■ that the formula should give- 
conservative nesults for the abrupt pull-up condition, In 
spection of the P l <Y-9 data leads to the conclusion that 
the angular acceleration is negligible for the dive pull- 
out condition: 

The quantitative solution, of angular accelerations in 
roll ani yaw is even more difficult than the solution for 
\ and, in general, cannot be performed with suitable pre- 
cision. Perhaps a reasonable, conservative assumption is 
that the critical instantaneous values of. external moments 
in roll ani yaw are equal to those in pitch; then the an- 
gular accelerations are inversely proportional to the mo- 
ments of inertia about the axes in question. 

Mom ents of inertia .- The moments of inertia of the 
airplane, "engine, and propeller may be determined as set 
forth in the appendix. 
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EXAMPLE 



The following example is given to illustrate the ap- 
plication of the equations and data for the forces "and 
moments on ensine mounts. A fighter airplane is used and 
the analysis is ?iven for assumed applied conditions for 
toth an abrupt pull-up with power on and pull-out from a 
fast dive with power off. 

Airplane E6C-4 (reference 5) : 

Weight 2,600 pounds 

P x 2 12 .5 feet 2 

£L - - 

0 y 2 20.0 feet 2 

a 

p_ 3 26.0 feet 2 

I T 1,010 slue-feet 2 

A a 

a 

ly 1,614 slug-feet 

*a 

I z 2,100 slug-feet 2 

Engine Pratt & Whitney 1300 

425 hp. at 1,900 r . p . 

Weight 800 pounds 



I x _ ..... 50 slug-feet 



........... uu Bi u K -x«« b a 

e 

ly 25 s"lug-feet 3 



Y e 

I 7 25 slue-feet 2 

z e 

Propeller diameter 9 feet 

2 

Ip ..... 4.7 slue-feet 

Weight '. . 70 pounds 

Weieht of propeller 

plus eneine 870 pounds 
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x = -5.5 feet y = 0 z = 0 

Xi =-=4.2 feet y x = 0 z x = 0 

x 2 = -r.4 t 3"faet y 2 = 0 b 8 = 0 

As sump ti on s : 
n x .= -1 
n y » 0 
n z := -8 

Terminal velocity, V t 260 miles per hour 

n^. 46.5 revolutions per 

Propeller speed •{ " second 



{ 



ou t 283 radians per- second 



High-speed level flight, V L . . 162 miles per hour 

{n^ . . 31.7 revolutions per 
second 
oi^ . . 199 radians per second 

. » • . . . • • • .33 square feet 

Tail length, 1 1 13 feet 

Computat i ons : 

n z /v t 0.0308 

^ = i "f l4^ * ifr * ® 8.05 radians per second' 

n z /V L 0.0493 

q t ~at terminal veloci.ty ... l.C radian per second 

q_ "at high-speed level flight". 1.58 radians per second 
L 
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Forces on U.A.G.A. cowling' (estimated) : 

Co.wllng dimensions: 

Outside diameter 51 inches 

Inside diameter 48 inches 

Length 12 inches 

Projected area, frontal, S f 1.62 square feet 

Projected area, plan S . .' 4.17 square feet 

Antidrag coefficient at 

terminal" velocity .... 2.0 

An.tidrag coefficient at 

high speed 2.0 

Lift coefficient at terminal 
velocity 0 

Lift coefficient at high 

speed 1 .25 

A.ntidrae load = 2.0 X 1.62 X l/2PV t 3 for dive pull-out 

.= 2.0 X 1.62 X-1/2PV L 3 for abrupt pull-up 

Lift . force ;= 0 at V t 

Lift force = 1.25 X 4.17 X l/2PV L 3 for abrupt pull-up 
Pitching moment due to unsymmetr ical antidrag load: 
M = 0 at zero lift 

M = 0.9 X 1.62 X — X l/2PV L 2 for abrupt pull-up 

1 2 

Note: The foregoing calculations : are for an arbitrary 
cowlins: and are included to show the relative 
magnitude of .the cowling forces and moments. 
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Load 



Axi s 



n Z lV e 



g 



Lift of co^lina; 
Total Z 
Total Y 



Collins antidrag 



e s 



(q 3 + r 2 ) 



Total 



Z 

z 

Y 
X 
X 
X 

X 
X 



Exi s ting 
rule s 
lb . 

. 6,960 



0 
0 

6, 960 
0 



Abrupt 
pull-up 

6,960 • 



900 

-473 
7,387 
0 

870 
800 ■ 
808 

565 
2 , 543 



?ul 1- out 
lb. 

6,960 

__ 

0 

6,960 
0 

870 
-605 
603 

. 155 
1,023 



Momen tr 



Cowllng drag 



e 



To tal 
IpUjq- 

Q 



Axi s 

Y 

' Y 
Y 

Y 



Ex i s fring 
rules 
f t . - lb . 

0 

" 0 
0 

0 
0 

-2,360 



Abrupt 
pull-up 
f t .-lb . 

-780 

-1 ,290 

-200 

-2,270 



1,290 
-1 ,180 



Pull-out 
f t .-lb . 

". 0 . ■' 

0 

-200 

-200 
~T~2 50~ 
300 
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Periodic Axis Ex isting Abrupt Pull-out 

couple s rul es pull-up 

ft .-lb . ft .-lb . ft .-lb . 

2I p ouq sin 3 v|/ Z 0 2,590 sin 2 \)/ 2,500 sin e 

2Ipiur cos 2 \j/ Y 0 2,590 cos S \|/ 0 

21 tuq sin \[/ Z 0 2,590 sin \^ 2,500 sin \|/ 

2 C os ^ cos ^ cos ^ 

21 cur sin \(/ Y 0 -2,590 sin \|/ 0 

P cos \j/ .. • cos \[f 



In a comparison of the normal loads, it will be noted 
immediately that, owing to the a forces, the effective 
normal-load factor n z is 7,387/870 or 8.60 g , as compared 
with the present design-rule value of 8 g. In the case of 
the X forces, there is no fair comparison available and 
in the Y direction in all cases the load is zero. 

In the case of applied moments the. present rules recog- 
nize only the engine torque, which is used with a factor of 
safety of 2. Actually it is easily seen that several other 
applied moments are present, owing to gyroscopic action-and 
the a moments, which will tend to add sufficient load to 
make the present requirements unconservat i ve . 

A separate set of couples, which varies periodically 
in magnitude, is present for the actual case and is of suf- 
ficient magnitude to induce severe vibrations in the struc- 
ture of an airplane. As explained in the text, ko^Y? 37 ' 
these vibrations can be eliminated through the use of a "3T 
blade propeller. 

The cowling force coefficients were estimated from 
wind-tunnel tests and, as may be seen, the resulting forces 
are of such magnitude and direction as to warrant their 
consideration. 



Langley Memorial Aeronautical Laboratory, 

national Advisory Committee for Aeronautics, 
Langley Field, Va . , December 10, 1936. 
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APPENDIX 



Moments of inertia of airplanes, engines, and propel- 
lers: 

1 . Airplanes : 

Reference 6 gives a very complete set of— tests on air- 
planes to determine the principal moments of inertia for an 
airplane. Quite an accurate method is outlined in this ref- 
erence. 

figure 2 win serve for approximate calculations of 
conventional military airplanes. It should not he used as 
an accurate method but as a rough approximation. 

2. Engines: 

The fallowing table gives the results of some teBts, by 
the Bureau of Aeronautics, U.S. Navy, for the moments of 
inertia of single-row radial engines: 

I ngine Weigh t , j t 

lb. " ? _3 

slug- ft . 3 Blug-f t . 8 

E-1340-12 765 28.15 27.55 

H-1820-04 939 37.85 35.85 

G-K-1820-82 942 39.80 39.87 



As no similar data are available for twin-row or in- 
line engines, the following appr oxiiua ti ons are suggested: 

(a) The radial engine, either single-row or twin-row, 
can be assumed to be replaced by a homogeneous disk of the 
same mass and dia.aeter and a. thi ckne s s equal to the distance 
between the front of the forwari cylinders to the back of 
the rear row of cylinders. 

(b) The in-line or V-type engine can be assumed to~ be 
replaced by a rectangular homogeneous body of the same 
over-all dimensions as the engine. 
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These moments of inertia may he calculated hy the 
method outlined in reference 6. 

3. Propellers: 

Figure 3 gives the results of (unpublished) tests to 
determine the moments of inertia of propellers. The mo- 
ment of inertia of the crankshaft (reference 7) is about 
10 percent or less of the propeller moment of inertia and, 
for the purpose of this paper, should be multiplied by the 
gear ratio and added to the propeller moment of inertia. 
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Force 


Moment 


Velocity 


Acceleration 


Moments of inertia 


Axis 


parallel 
to axis 


about 
axis 


Linear 


Angular 


Linear 
('g-units) 


Angular 


Airplane 


Engine 


X 

■ 


X 


L 


u 


P 


' n X 


a 




r x 

A e 


Y 


Y 


M ■ 


V 


q 


By 


X 






Z 


Z 


N 


w 


r 


n z 


CP 







j, distance along X axis from e.g. of airplane to e.g. of propeller 

x l3 distance along X axis from e.g. of airplane to e.g. of, engine 

Xg, distance along X axis from e.g. of airplane to e.g. of prep eller- 
engine combination 

y, distance along Y axis from e.g. of airplane to e.g. of propeller 

y lf distance along Y axis from e.g. of airplane to e.g. of engine ^ _ 

y 2 , distance along Y axis from e.g. of airplane to e.g. of propeller- 
engine combination 

z, distance along Z axis from e.g. of airplane to e.g. of propeller 

z 1 , distance along Z axis from e.g. of airplane to e.g. of engine 

z 2 , distance along Z axis from e.g. of airplane to e.g. of propeller- 
engine combination 

Lp, polar moment of inertia of propeller 

U), angular velocity of propeller in radians per second 

T, thrust . • _ 

1, torque 

p, radius of gyration 

Subscript "a" refers to airplane 

Subscript "e" refers to engine 
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tfigure 1.- Angular velocity of an airplane in pitch. 
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